Ndubuizu OI, Chavez JC, LaManna JC. Increased prolyl 4-hydroxylase expression and differential regulation of hypoxia-inducible factors in the aged rat brain. Am J Physiol Regul Integr Comp Physiol 297: R158-R165, 2009. First published May 6, 2009 doi:10.1152/ajpregu.90829.2008.-Hypoxia-inducible factors (HIFs) are heterodimeric transcription factors that mediate the adaptive response of mammalian cells and tissues to changes in tissue oxygenation. In the present study, we show an age-dependent decline in cortical HIF-1␣ accumulation and activation of HIF target genes in response to hypoxia. This inducible response is significantly attenuated in the cerebral cortex of 18-mo-old Fischer 344 rat yet virtually absent in the cerebral cortex of 24-mo-old Fischer 344 rat. This attenuated HIF-1␣ response had no effect on mRNA upregulation of HIF-independent genes in the aged cortex. We have provided evidence that this absent HIF-1␣ response is directly correlated with an increase in the expression of the HIF regulatory enzyme, prolyl 4-hydroxylase (PHD). In addition, our study shows that cortical HIF-2␣ expression in senescent normoxic controls is also significantly greater than that of younger normoxic controls, despite no difference in HIF-2␣ mRNA levels. The posttranslational regulation of HIF-2␣ under normoxic conditions seems to be attenuated in the aged rat brain, which is an in vivo demonstration of differential regulation of HIF-1␣ and HIF-2␣.
THE KEY SENSOR OR SENSORS of low oxygen is a family of 2-oxoglutarate and iron-dependent enzymes called prolyl-4-hydroxylases, which regulate the activity of hypoxia-inducible factors (HIFs). HIF is a heterodimeric transcription factor that mediates the adaptive response of mammalian cells to hypoxia. The two HIF subunits, ␣ (ϳ120 kDa) and ␤ (91-94 kDa), are members of the bHLH/PAS family of transcription factors and are both needed for DNA binding and activation of target genes that contain hypoxic response elements (HREs) (18, 27, 38 -42, 45) . There are three distinct HIF-␣ subunit homologues (HIF-1␣, HIF-2␣/EPAS-1, and HIF-3␣) and three HIF-␤ homologues [HIF-1␤/aryl hydrocarbon receptor nuclear translocator (ARNT1), ARNT2, and ARNT3] (8, 9) . HIF-1␣ and 1␤ (ARNT1) are universally expressed in all human and rodent tissues, whereas HIF-2␣, HIF-3␣, ARNT2, and ARNT3 show a more restricted pattern of expression (1, 14, 39, 42, 43) . The expression of the ␣ subunit is regulated by oxygen levels, whereas the ␤ subunit is constitutively expressed (9, 38 -42, 45) . During normoxia, the HIF-␣ subunit is expressed and rapidly hydroxylated at two conserved proline residues in an oxygen-dependent manner. This posttranslational modification of the ␣ subunit is mediated by the EGLN (egl nine homolog of C. elegans) family of HIF prolyl 4-hydroxylases (PHDs 1, 2, and 3) (7, 8, 9, 17, 18, 26, 28) . Activity of these enzymes requires molecular oxygen (O 2 ), Fe 2ϩ , ascorbate, and 2-oxoglutarate as cofactors (7, 17, 41) . The hydroxylated prolines are recognized by the product of the Von Hippel-Lindau tumor suppressor gene that targets the HIF-␣ protein for ubiquitination and subsequent proteosomal degradation (9, 18, 24, 26, 36, 40 -42) . During hypoxia, oxygen becomes limiting, and prolyl hydroxylase activity is diminished, leading to the accumulation of nonhydroxylated HIF-␣, which allows for translocation to the nucleus and dimerization with HIF-␤. HIF-1␣ is the most extensively characterized ␣ subunit in various in vivo and in vitro models. HIF-1 is also widely expressed in the hypoxic and ischemic brain; its expression has been described in neurons, glia, and endothelial cells (6, 12, 13) . HIF-2␣ expression is also induced in the hypoxic brain, primarily in astrocytes and endothelial cells (14) . There are more than 100 HIF target genes that have been identified, which play roles in physiological processes, including vasomotor control, angiogenesis, erythropoiesis, iron metabolism, cell proliferation/death, and energy metabolism (1, 2, 10, 12, 14, 31, 38 -42, 43, 45) .
In a preliminary study, we made the observation that the hypoxia-induced HIF-1␣ accumulation in the cerebral cortex of 24-mo-old Fischer 344 (F344) rats was virtually absent and significantly less than that of younger rats (6 mo) (31) . Chemical induction of cortical HIF-1␣ accumulation, through cobalt chloride administration, was intact in the old F344 rats and similar to that of the younger F344 rats. This raised the possibility of diminished oxygen sensitivity in the senescent rat brain. In this study, we examined hypoxia-induced HIF-1␣ accumulation and HIF-1 activity in the rodent brain as a function of age in greater detail to determine whether the observed decline in accumulation and subsequent HIF-1 activation could be detected at younger ages. We have also examined cortical PHD expression in the younger and aged rats to see whether the HIF-1␣ decline paralleled an increase in PHD expression. We found that the decline in cortical HIF-1␣ accumulation and activation of HRE target genes in response to hypoxia were significantly attenuated in the 18-mo-old rats and virtually absent in the 24-mo-old rats. There was significantly higher PHD expression in 24-mo-old control F344 rats vs. younger control rats (6 mo). The results also show that cortical HIF-2␣ expression in 24-mo-old normoxic control rats was significantly greater than that of younger normoxic controls despite no difference in HIF-2␣ mRNA levels. The posttranslational regulation of HIF-2␣ under normoxic conditions seems to be attenuated in the aged rat brain, which is an in vivo demonstration of differential regulation of HIF-1␣ and HIF-2␣ in the aged rat brain.
MATERIALS AND METHODS
Exposure to hypobaric hypoxia. Male F344 rats aged 3-24 mo were ordered from the National Institute of Aging. Animal housing and handling met Institutional Animal Care and Use Committee standards. The age-grouped rats were subjected to 72 h of hypoxia in hypobaric chambers maintained at 380 Torr (0.5 atm) for the first 24 h (equivalent to 10% normobaric oxygen) and 290 Torr (0.4 atm) for the last 48 h (equivalent to 8% normobaric oxygen). The custom-made steel chambers [Wright chambers (50) ], which had a clear Plexiglas door, were connected to a vacuum source that reduced the internal atmospheric pressure. Each experimental group of rats had an agedmatched control group, which was kept outside the hypobaric chambers but in the same location. After the 3-day hypoxic exposure, experimental and control rats were briefly anesthetized and decapitated. The brains were immediately removed and frozen in liquid nitrogen. The tissues were stored at Ϫ80 C until further processing.
Northern blot analysis. Total RNA was extracted from frozen brain cortex using an RNA extraction kit (RNAgents; Promega, Madison, WI). Equal samples (10 g) of total RNA were electrophoresed in 1% agarose-formaldehyde gels and transferred to nylon membranes (Millipore, Billerica, MA). The membrane was then UV cross-linked, prehybridized with Quickhyb solution (Stratagene, La Jolla, CA) containing salmon testes DNA (0.1 mg/ml) and then hybridized overnight (68°C) with random prime-labeled probes. Specific cDNA probes for cyclooxygenase-2 (COX-2) (1.156-kb EcoRI fragment from 5Ј-end of mouse cDNA), Egr-1 (BglII fragment of mouse full-length cDNA), HIF-2␣ (PstI-HindIII fragment of HIF-2 cDNA), and 18S were purchased from Invitrogen Life Technologies (Rockville, MD). HIF-1␣ and ␤-actin cDNAs were generated by RT-PCR using the Access RT-PCR system kit (Promega) with the following primers: sense 5ЈAGTCAGCAACGTG-GAAGG-3Ј and antisense 5Ј-GGGAGAAAATCAAGTCGT-3Ј for HIF-1␣; and sense 5ЈTGTTCGGAGTGGAGCAG-3Јand antisense 5Ј-AAC-CCTAAGGCCAACCGTGAA-3Ј for ␤-actin. Labeling of the probes was performed using [ 32 P]-dCTP and a random-primed DNA labeling kit (Invitrogen Life Technologies). The blots were washed twice with 2ϫ SSC, 0.1% SDS, once with 0.1ϫ SSC, 0.1% SDS and exposed to radiographic film and analyzed by PhosphorImager.
Real-time PCR analysis. Total RNA was extracted from frozen brain cortex using an RNA extraction kit (RNAgents; Promega, Madison, WI). Complementary DNA was synthesized from 2 g of total RNA using the Superscript III system with an oligo-dT primer (Invitrogen, Carlsbad, CA). Real-time PCR analysis was performed with 0.5 l of the final cDNA synthesis mix using commercially produced rat-specific Taq-Manbased gene expression assays (Applied Biosystems, Foster City, CA). The following assays were used: carbonic anhydrase 9 (CAIX, cat. no. Rn01764729_m1), erythropoietin (Epo; cat. no. Rn00566529_m1), glucose transporter 1 (Glut-1; cat. no. Rn01417099_m1), prolyl 4-hydroxylase 1 (PHD 1; cat. no. Rn01476583_m1), prolyl 4-hydroxylase 2 (PHD 2; cat. no. Rn00710295_m1), prolyl 4-hydroxylase 3 (PHD 3; cat. no. Rn00571341_m1), and vascular endothelial growth factor (VEGF; cat. no. Rn00582935_m1). The PCR reactions were performed in an ABI 7500 real-time PCR thermocycler (Applied Biosystems). All reactions were performed in duplicate using ␤-actin as an endogenous control. Experiments were independently repeated at least three times.
Preparation of whole cell lysates. Frozen brain cortical samples were dissected in a dish on dry ice and homogenized by standard procedures. A stainless-steel motorized homogenizer was used to homogenize in ice-cold lysis buffer (50 mM Tris ⅐ HCl, 150 mM NaCl, 5 mM EDTA, 1% NP-40; Boston Bioproducts, Boston, MA) containing EDTA-free protease inhibitor tablet (Complete Mini, Roche Diagnostics, Indianapolis, IN). Homogenized samples were kept on ice for an hour and then centrifuged at 14,000 g for 30 min. Supernatants were collected, aliquoted, and stored at Ϫ20 C. Protein concentrations of aliquots were determined by Bradford protein assay with BSA used as standards (Bio-Rad, Hercules, CA).
Western blot analysis. Whole cell lysates (25 and/or 50 g of protein) were denatured in Laemmli buffer and electrophoresed on SDS-PAGE under reducing conditions. The proteins were transferred onto nitrocellulose membranes (Bio-Rad) by standard procedures. Membranes were blocked with 10% nonfat dry milk in Tris-buffered saline (TBS) containing 0.1% Tween 20 (Bio-Rad). After blocking, membranes were incubated in 3% BSA in TBS with 0.1% Tween 20, containing primary antibodies. The specific primary antibodies of interest were mouse monoclonal antibodies for HIF-1␣ (1:500; R&D Systems, Minneapolis, MN), HIF-2␣ (1:500; Novus Biologicals, Littleton, CO), PHD 1-3 (1:500), and goat polyclonal for ␤-actin (1:2,000; Santa Cruz Biotechnology, Santa Cruz, CA). After a series of washes in TBS-Tween at room temperature for 1 h, membranes were incubated with corresponding horseradish peroxidase-conjugated secondary antibodies for an hour. A final series of washes were done in TBS-Tween for at least another hour before enhanced chemiluminescence (SuperSignal) was used to visualize specific proteinantibody complexes.
Statistical analysis. All results are shown as means Ϯ SD, and in all cases, P Ͻ 0.05 was considered statistically significant. SigmaScan was used to quantify the densitometry of antigen-antibody complexes and normalized to that of ␤-actin (optical density ratios). Statistical analysis was carried out using SPSS software. Student's t-test was used to assess differences between two groups, such as control to hypoxic optical density ratios.
RESULTS

HIF-1␣ expression as a function of age.
Western blot analysis showed the characteristic hypoxia-inducible protein signal with an approximate molecular mass of 120 kDa in neuronal nuclear extract (positive control) and cortical samples of younger (3, 6 , and 12 mo) F344 rats following 72 h of hypoxia (Fig. 1A) . The signal detected with the HIF-1␣ antibody used in this study shows multiple bands that might correspond to various posttranslational modifications and ubiquitinated protein. This pattern is similar to HIF-1␣ Western blot results, previously published using the similar commercial antibodies (12-14, 19, 31) . In a previous work, the specificity of the signal detected was confirmed by siRNA or genetic downregulation of HIF-1␣ in cells and brain tissue samples, respectively (14) . In contrast, normoxic cortical samples from control rats of all ages showed negligible bands by comparison. Optical density ratios (relative to ␤-actin) show a statistically significant increase in HIF-1␣ expression (10-to 12-fold) levels in the younger rats following hypoxic exposure (Fig.  1B) . The increase in HIF-1␣ was significantly reduced to twoto three-fold in the 18-mo-old rats and absent in the 24-mo-old rats following hypoxic exposure (Fig. 1B) .
HIF-1␣ mRNA expression as a function of age. To determine whether the decreased HIF-1␣ protein expression in the aging brain during hypoxia was due to a reduction of HIF-1␣ steady-state mRNA levels, we performed Northern blot analysis of HIF-1␣. As shown in Fig. 2 , systemic hypoxia did not affect HIF-1␣ or HIF-1␤ mRNA levels in the cerebral cortex of young (3 and 6 mo) and old rats (24 mo). ␤-actin showed equal RNA loading for all samples.
HIF-1 target genes. To determine whether decreased levels of HIF-1␣ protein lead to a reduction in HIF transcriptional activity, we measured mRNA levels of well-defined HIF target genes using a previously published protocol. Specifically, we used cortical mRNA samples from 6-and 24-mo-old F344 rats to analyze the hypoxia-induced transcriptional activation of the following HIF-regulated genes: glucose transporter-1 (Glut-1), Epo, vascular endothelial growth factor (VEGF), and carbonic anhydrase IX (CAIX). RT-PCR analysis showed up to a three-fold increase in target gene mRNA following hypoxic exposure in 6-mo-old rats. This hypoxia-induced increase in mRNA was absent in 24-mo-old rats for all of the HIFdependent targets analyzed (Fig. 3) .
HIF-1-independent target genes. The decreased expression of HIF target gene mRNAs in aged animals is unlikely to be caused by a widespread reduction in transcriptional activity since Northern blot analysis shows upregulation of HIF-independent hypoxia-inducible genes in the aged rat brain (Fig. 4) . Upregulation of COX-2 and Egr-1(early growth response protein 1, nuclear protein, and transcriptional regulator) was similar across all age groups subjected to systemic hypoxia. In addition, comparable mRNA levels of 18S RNA were observed in all age groups to show equal loading.
Prolyl hydroxylase expression. Northern blot analysis of HIF-1␣ mRNA levels indicated that the decline in hypoxiainduced accumulation of PHD during aging is unlikely because of decreased transcription of the HIF-1␣ gene and suggests that the deficit might reside at the level of posttranslational regulation of HIF-1␣ protein stability that occurs during hypoxia. We then decided to explore the possibility that the expression of prolyl hydroxylases is altered in the aging brain. Cortical mRNA expression of PHD 1, which is not known to contain an HRE and is nonresponsive to hypoxia (17) , was approximately five times greater in 24-mo-old rats relative to 6-mo-old rats (Fig. 5A) . There was also a significant increase in PHD 1 protein levels in older vs. younger normoxic control rats (Fig.  5B) , which optical density ratios showed to be 2-to 3-fold higher (Fig. 5C) . PHD 2 and PHD 3 do contain HREs and thus respond to HIF-1 activation (17) . Hypoxic induction of PHD 2 and PHD 3 mRNA in cortical samples followed a similar pattern as the other more conventional HIF-1 target genes in the younger 6-mo-old rats, with up to a three-fold increase in mRNA levels (Fig. 6, A and B) . This increase in PHD 2 message correlated with a significant increase in PHD 2 protein (Fig. 6B ). This increase in PHD 2 mRNA and protein levels following hypoxia was also absent in the 24-mo-old rat brain. PHD 3 mRNA levels were up to three times higher in the older control rats relative to the younger controls and exhibited no further increase following hypoxia (Fig. 6C) . The increase in PHD 3 message also correlated with a significant increase in PHD 3 protein (Fig. 6D) . Thus, taken together, our results show that expression of PHDs is altered in the cerebral cortex of aging animals, suggesting a potential alteration in the oxygen-sensing machinery. Fig. 1 . Attenuation of hypoxia-inducible factor-␣ (HIF-␣) accumulation with advanced age. A: Western blot analysis of HIF-1␣ and ␤-actin, as a function of age, in cortical brain samples of rats exposed to normoxic (C) and hypoxic (H) conditions. Blot represents five control and five experimental rats ages 3, 6, 12, 18, and 24 mo of age. Nuclear extract from cortical neurons exposed to 1% oxygen was used as a positive control (ϩ). B: optical density (OD) ratios of HIF-1␣ as a function of age. Each value represents the mean Ϯ SD from at least three rats. *P Ͻ 0.05 compared with control (nonhypoxic) cortical samples. **P Ͻ 0.05 compared with OD value of hypoxic HIF-1␣ response in younger experimental groups. Fig. 2 . HIF-1 mRNA expression intact in the aged rat brain. Expression of HIF-1 mRNA in cortical brain samples of young (3 and 6 mo) and old (24 mo) rats exposed to normoxia or hypoxia. Northern blots containing total RNA were hybridized to rat HIF-1␣ or HIF-1␤ cDNA probes. ␤-actin served as the sample-loading control. Data are representative of at least 3 experiments.
HIF-2␣ expression. The surprising finding that expression of PHDs was altered in the aging brain opens the possibility that the expression of other HIF-␣ isoforms is also affected. In this regard, we studied the expression levels of the second most abundant HIF-␣ isoform HIF-2␣ that was previously shown to be expressed primarily by astrocytes (14) . In the younger rats, there was a pronounced increase in HIF-2␣ expression following hypoxia, similar to that of HIF-1␣. In contrast, baseline HIF-2␣ expression in cortical samples from older normoxic control rats was significantly greater than younger normoxic controls (Fig. 7, B and C) , despite that there was no difference in cortical mRNA levels across all age groups (Fig. 7A) . Moreover, there was no further increase in HIF-2␣ expression in the older rats following hypoxic exposure.
DISCUSSION
In this study, we explored one aspect of the oxygen-sensing and hypoxic-response mechanism that operates in mammalian cells, the HIF system. This pathway regulates homeostatic responses to stress conditions involving hypoxia, including wound healing and angiogenesis that are known to be altered as a function of age. We studied the HIF pathway in the brain of F344 rats, an established model of aging, in the context of systemic hypobaric hypoxia.
Attenuation of cortical HIF-1␣ and target gene activation as a function of age.
Our results have shown that there is an alteration of the HIF system as a function of age. We observed a progressive decline in cortical hypoxia-induced HIF-1␣ protein accumulation from 3 to 24 mo of age. This defect appears to be more dramatic at the later age groups, with the response being greatly diminished but still present in 18-mo-old F344 rats and completely absent in 24-mo-old F344 rats. The inability of the aging brain to trigger HIF-1␣ protein accumulation in response to hypoxia, as expected, led to decreased HIF-1 activation, resulting in a reduction of HIF target gene activation. Our data revealed that there were no differences in cortical mRNA levels of HIF-1␣, so it is unlikely that there was a reduction in the rate of transcription of the HIF-1␣ gene or the half-life of Fig. 3 . Attenuation of transcriptional activation of HIF-1 target genes in the aged rat brain. Relative mRNA levels of carbonic anhydrase 9 (CAIX; A), erythropoietin (Epo; B), glucose transporter-1 (Glut-1; C), and vascular endothelial growth factor (VEGF; D) in cortical brain samples of 6-and 24-mo-old rats. Results were expressed as fold induction compared with cortical samples of brains exposed to normoxia and normalized to ␤-actin mRNA. Each individual value represents the mean Ϯ SD from three independent experiments from at least three different rats. *P Ͻ 0.05 compared with normoxia, **P Ͻ 0.05 compared with 6 mo of hypoxia.
the HIF-1␣ mRNA that could explain the findings. In addition, other HIF-independent hypoxia-inducible genes, such as COX-2 and Egr-1, were also upregulated at the mRNA level in response to hypoxia, indicating a defect restricted to the HIF pathway.
An alternative explanation for this reduced HIF response could be that the rate of HIF-1␣ protein synthesis was diminished in aging animals. Although it is difficult to measure the rate of protein synthesis in whole animals, we think that this is an unlikely event since HIF-1␣ protein accumulation could be induced by systemic administration of cobalt chloride in both young and old animals. Cobalt, a known chemical activator of HIF, interferes with HIF hydroxylation and subsequent degradation by directly and indirectly disrupting the reduced iron within the catalytic domain of prolyl hydroxylases (29, 37) . This significantly reduces PHD activity, even in the presence of oxygen, and, consequently, a robust HIF-1␣ response occurs in vitro and in vivo. Taken together, these data suggest that the basic regulatory elements that control HIF-1␣ protein accumulation in cortical brain appear to remain intact in aging animals. The observation that chemical induction of HIF-1␣ protein accumulation is still possible in the aging brain suggests that oxygen sensing could be altered as a function of age.
Increased cortical PHD expression in the aged rat brain. The attenuation of the hypoxia-induced HIF-1 response in aged rats appears to occur as a result of changes in the expression levels of PHD enzymes. PHD enzymes regulate the posttranslational stabilization of HIF-␣ protein and have been shown to exhibit tissue-specific expression patterns. (3, 15, 32) . Our results showed that PHD 1 expression at the mRNA and protein levels was significantly increased in cortical brain of normoxic 24-mo-old rats. In addition, PHD 3 mRNA and protein levels were also increased in the normoxic aging cerebral cortex. In younger 6-mo-old rats, the mRNA and protein levels of PHD 3 were significantly upregulated by hypoxia, an observation that is in agreement with previous studies documenting this hypoxia-induced response (17, 44) . Interestingly, hypoxia does not affect the baseline levels of PHD 3 that are already higher in normoxic old animals compared with young ones. In the case of PHD 2, considered the major regulator of HIF-1␣ in vitro (7), its mRNA and protein levels were significantly increased in the cortex of hypoxic 6-mo-old rats compared with normoxic age-matched controls. This observation is also in agreement with previous studies showing that PHD 2 expression is influenced by HIF activity (17, 44) . In this regard, PHD 2 upregulation in hypoxic 24- Fig. 4 . Intact mRNA upregulation of HIF-independent genes intact in the aged rat brain. Expression of Egr-1 and COX-2 mRNA in cortical brain samples of rats (ranging in age from 3 to 24 mo) exposed to normoxia or hypoxia. Northern blots containing total RNA were hybridized to rat Egr-1 and COX-2 cDNA probes. 18S RNA served as the sample-loading control. Data are representative of at least 3 experiments. Results were expressed as fold induction compared with cortical samples of brains exposed to normoxia and normalized to ␤-actin mRNA. Each individual value represents the mean Ϯ SD from three independent experiments from at least three different rats. B: representative Western blot analysis of PHD 1 and ␤-actin expression in cortical samples of 6-and 24-mo-old control rats. C: optical density (OD) ratios of PHD 1 expression in cortical samples of 6-and 24-mo-old control rats. Each value represents the mean Ϯ SD from at least three rats. *P Ͻ 0.05 compared with 6-mo-old cortical samples. mo-old animals was blunted further, confirming the reduced HIF activity observed in aging animals exposed to hypoxia.
Attenuation of normoxic HIF-2␣ degradation in aged cortical brain. Surprisingly, HIF-2␣ baseline levels were increased in 24-mo-old rats compared with 6-mo-old rats. This result suggests that either the posttranslational regulation of HIF-2␣ under normoxic conditions is affected or that HIF-2␣ gene transcription is robustly increased during aging. Northern blot analysis showed that cortical HIF-2␣ mRNA levels were comparable between young and old animals, a similar finding Fig. 6 . Induction of PHD 2 and PHD 3 in cortical brain of young and old rats. Relative mRNA levels of PHD 2 (A) and PHD 3 (C) in cortical brain samples of 6-and 24-mo-old rats assessed by real-time RT-PCR analysis. Results were expressed as fold induction compared with cortical samples of brains exposed to normoxia and normalized to ␤-actin mRNA. Each individual value represents the mean Ϯ SD from three independent experiments from at least three different rats. *P Ͻ 0.05 compared with 6-mo-old normoxia. B and D: representative Western blots of PHD 2 (B) and PHD 3 (D) and ␤-actin expression in cortical samples of 6-and 24-mo-old rats exposed to normoxic (C) and hypoxic (H) conditions. Fig. 7 . Increased normoxic HIF-2␣ expression in the aged rat brain. A: expression of HIF-2␣ mRNA in cortical brain samples of rats (ranging in age from 3 to 24 mo) exposed to normoxia or hypoxia. 18S RNA served as the sample-loading control. B: Western blot analysis of HIF-2␣ and ␤-actin in cortical brain samples of 6-and 24-mo-old rats exposed to normoxic (C) and hypoxic (H) conditions. C: optical density (OD) ratios of HIF-2␣ expression in cortical samples of 6-and 24-mo-old control rats. Each value represents the mean Ϯ SD from at least three rats. *P Ͻ 0.05 compared with 6-mo-old cortical samples.
to what we observed for HIF-1␣ mRNA levels. Therefore, we speculate that HIF-1␣ and HIF-2␣ are differentially regulated in the aged rat brain. A similar observation has been made in neuron-specific conditional HIF-1␣ knockout mice, which appear to also have elevated baseline expression of HIF-2␣, perhaps as a compensatory response to HIF-1␣ downregulation. Although HIF-2␣ has a more restricted pattern of expression than HIF-1␣, it is still surprising that the increased HIF-2␣ expression in the aged rats brain does not appear to increase message levels of key factors, such as VEGF and Epo. HIF-1 and HIF-2 appear to regulate the transcription of both analogous and discrete sets of target genes, but this may not necessarily translate to in vivo models (21, 22, 42, 47, 49) . Recent in vitro reports have suggested that HIF-2␣ may not be transcriptionally active and that this may be due to a HIF-2␣-specific transcriptional repressor (22) .
Potential mechanisms and limitations of the study. These observations could be due to metabolic changes and/or reactive oxygen species and the related oxidative cell injury that are associated with age. Exposure of cells to H 2 O 2 diminishes accumulation of both HIF-1␣ and HIF-2␣ across a range of experimental conditions, including hypoxia and also chemical induction (48) . The differential regulation of HIF-1␣ and HIF-2␣ could be due to cell type-specific differences or alterations in metabolism. The elevated HIF-2␣ accumulation in the aged normoxic rat brain could be due to some other posttranslational modification that prevents hydroxylation and/or degradation. Testing these potential mechanisms would be beyond the limits of an in vivo model. Although only cortical samples were examined in this study, HIF-1␣ accumulation and hypoxia-induced angiogenesis are widespread throughout the brain in multiple rodent strains (12, 31, 43, 46) . Thus, the lack of an HIF-1␣ response in the aged cerebral cortex is likely a generalized observation. Other aged rodent strains may or may not respond in the exact same fashion, as is mentioned in Other related studies in the DISCUSSION. This study only focused on a particular FI O 2 , but it is possible that a greater hypoxic stimulus could potentially elicit a HIF-1␣ response in the aged F344 rats.
Other related studies. Although the emphasis of this study is the rodent brain, similar occurrences of age-related changes in HIF-1␣ accumulation and/or activity have been shown in the literature using different models and/or tissues (19, 25) . Frenkel-Denkberg et al. (19) have reported impaired multiorgan HIF-1 DNA binding activity in senescent mice (24 mo), despite finding no differences in HIF-1␣ expression relative to 3 mo-old mice (19) . The study reported higher normoxic HIF-1␣ expression in the aged mouse brain and liver vs. younger mice. Following the hypoxic exposure, HIF-1␣ was actually greater in the aged liver samples. Hwang et al. (25) have reported contrary results showing significantly greater normoxic HIF-1 DNA binding activity in lung samples from older (20 mo) vs. younger (3 and 12 mo) rats. The greater DNA binding activity in the aged lung samples was not significantly increased in aged lung samples following 6 h of hypoxia. Both studies were relatively acute (30 -90 min and 6 h of hypoxia, respectively) compared with ours, and their differing observations demonstrate potential model and tissue-specific differences in DNA binding studies.
Perspectives and Significance
HIF is largely responsible for activating many genes involved in mediating adaptive responses to hypoxia on a cellular and systemic level. It mediates oxygen-dependent expression of a number of genes involved in adaptive responses, such as angiogenesis, erythropoiesis, and energy metabolism (1, 2, 10,  12, 14, 31, 38 -43, 45) . The lack of an HIF-1 response and the lack of transcriptional activation of VEGF could limit the ability to increase microvascular density to match neuronal activity under chronic hypoxic conditions. Diminished HIF-1 could also potentially disrupt the continuous maintenance of capillary density in the aged rat brain, thus affecting plasticityassociated learning and neuronal survival. This scenario could increase the likelihood of pathological circumstances and possibly degenerative disease states. Signaling mechanisms that involve oxygen homeostasis, such as the HIF system, are also implicated in various models of ischemia. Therefore, limited HIF activation could diminish prosurvival responses during ischemic injury. Consequently, defects in HIF-1 signaling could make senescent animals more susceptible to detrimental effects of chronic hypoxic and ischemic stress. More insights into the mechanisms responsible for these and other associated phenomena might open the door for potential therapeutic manipulation.
In conclusion, our study has shown that cortical HIF-1␣ accumulation and HIF-1 activation is diminished with age. The decrease is directly correlated with increased PHD expression, with expression levels of PHDs 1 and 3 being elevated. In addition, our study suggests that cortical HIF-2␣ expression in old normoxic controls is also significantly greater than that of younger normoxic controls despite similar message levels. The posttranslational regulation of HIF-2␣ under normoxic conditions appears to be attenuated in the aged rat brain, demonstrating differential regulation of HIF-1␣ and HIF-2␣ in vivo.
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